The near infrared region of the electromagnetic spectrum has advantages for in vivo fluorescence imaging 1 , due to minimal auto fluorescence and absorption of blood and tissue 2 . Common nIR fluorescent agents include organic nIR fluorophores, such as Indocyanine green (ICG) 3 , semiconductor quantum dots (Qdots) [4] [5] [6] , and single-walled carbon nanotubes (SWNT) 7 . The ICG dye has been used for real time detection of liver cancer 8 and sentinel lymph node mapping in breast cancer patients 9 . Biofunctionalized CdSe/ZnS Qdots 10 and InAs/InP/ZnSe Qdots 11 were used for tumor targeting and fluorescent imaging in mice. Moreover, nIR fluorescent phosphine coated CdTe/CdSe Qdots intradermally injected into mice and pigs were used to map sentinel lymph nodes 12 . These demonstrations exploited the first nIR window (<950 nm), however, the second nIR window (950-1400 nm) provides lower autofluorescence and lower photon scattering, although water absorption is higher 13, 14 . Although the properties of quantum dots can be altered to tune their emission peak to longer wavelengths, limited availability of inorganic precursors and their toxicity is still a constraint 15, 16 .
Single walled carbon nanotubes have great potential for biomedical applications due to their unique optical properties and their ability to fluoresce in the nIR range of 900-1400 nm 7 . Moreover, they are preferable in vivo imaging agents as they can be rendered biocompatible with proper surface wrapping 17 , and due to their lack of photobleaching [18] [19] [20] , as opposed to organic dyes and Qdots 21 . An early demonstration of SWNT imaging within a living organism was in Drosophila melanogaster, fed SWNT suspended in bovine serum albumin (BSA) solution 22 . Additionally, polyethylene glycol (PEG) coated biocompatible 17 SWNT, localized in the liver and spleen in mice following tail vein injection 14 , were fluorescently imaged. The circulation time of SWNT in mice was found to be of the order of 1 day, and total clearance took 2 months, without showing any toxic effects 23 . Recent work demonstrated noninvasive, through skull imaging of the cerebral vasculatures in mice following tail vein injection of PEG-SWNT solution, illustrating the advantages of utilizing the second nIR window for in vivo imaging 24 . Further, bacteriophage functionalized SWNT were utilized for imaging sub-millimeter ovarian tumors 25 and bacterial infections in vivo 26 .
An additional advantage of SWNT is that tailored functionalization of the nanotube's surface can result in a selective fluorescent modulation upon the interaction with a specific analyte, rendering the SWNT an optical sensor [27] [28] [29] [30] . Importantly, in vivo localization in a region of interest and the stability of the fluorescent signal once the SWNT are delivered are of crucial importance for any imaging application. One approach to minimize variation in SWNT localization is to encapsulate the nanoparticles within a biocompatible hydrogel that can be implanted within the animal 31 .
PEG hydrogels are widely used due to their variability and ease of use, allowing for the equal distribution of functional groups and a large degree of flexibility 32, 33 . PEG is also known for its hydrophilicity, biocompatibility, lack of antigenicity and immunogenicity 34 , making it an ideal candidate for encapsulation of SWNT sensors. PEG hydrogels are hydrolytically degradable, and their biodegradation kinetics is highly affected by the implantation site and the local tissue environment, exhibiting faster degradation within adipose tissue 35 . Alginate, the most widely used material for microbead formation 36 , is a naturally occurring anionic polysaccharide derived from brown algae that also has desirable properties for SWNT encapsulation. Alginate has been approved for wound dressings and as a cell carrier due to its lack of toxicity [37] [38] [39] , however it has been found that the ionically bonded hydrogels frequently suffer from degradation, unable to endure the mechanical and chemical strain of implantation and the exchange of cations that occurs under physiological conditions 36, 40, 41 . Although ionically crosslinked alginate gels can undergo uncontrollable biodegradation while releasing polysaccharide chains from their matrix 42 , partial control can be obtained by bimodal molecular weight distribution of the polymer building blocks 43 . In addition, the bio-stability of alginate encapsulating nanoparticles implant was demonstrated in mice for more than 400 days, without any observed degradation or loss of functionality 31 .
Essential to the success of a sensor implant is the ability to detect and transmit molecular detection from within the live, intact animal. Recent work showed detection of alginate encapsulated SWNT subcutaneously 31 , but other hydrogel delivery platforms, detection limits, and deeper tissue implantation were not investigated. The goal of this work was to provide a quantitative, materials-based framework from which to engineer implantable fluorescent sensors of various kinds. To this end, we analyze the relationship between tissue depth and signal detection for SWNT as a specific example in both alginate and PEG gels and demonstrated in vivo fluorescent imaging in mice, facilitating future in vivo use of such sensors and determined the potential of these gel encapsulates for deep tissue imaging.
Materials and Methods

DNA Oligonucleotide Nanotube Suspension
SWNT were suspended with a d(GT) 15 DNA oligonucleotide using methods developed previously [44] [45] [46] . Briefly, SWNT purchased from SouthWest NanoTechnologies (SG65i: tube diameter 0.77 ± 0.02 nm; high aspect ratio of > 1,000; carbon content > 95% by weight; > 40% (6,5) chirality; and > 95% semiconducting) were suspended with a 30-base d(GT) 15 sequence of ssDNA (Integrated DNA Technologies). DNA and SWNT were added in a 2:1 DNA:SWNT mass ratio to 0.1 M NaCl dissolved in nanopure water. Typical DNA concentrations used in this study were 2 mg mL −1 . The DNA-SWNT solutions on ice were ultrasonicated with a 3 mm probe tip ultrasonicator (Cole Parmer) for 40 min at a power of 3 W, followed by bench top centrifugation for 180 min (Eppendorf Centrifuge 5415D) at 16,100 RCF. The top 80% of the supernatant was collected and the pellet discarded.
Gel Mold
Molds for cross-linking the gels were created by cutting 3.175 mm thick pieces of silicone (HT-6240 transparent 0.125′ performance solid silicone, Rogers Corporation) with a water jet. Shapes chosen for the mold were designed to alter surface area of the gel while keeping the total volume constant.
Alginate-(GT) 15 -SWNT preparation
SWNT were encapsulated within alginate hydrogel as previously described 31 . Briefly, (GT) 15 -SWNT suspension was mixed with 2% PRONOVA SLM 20 alginate (NovaMatrix) dissolved in normal saline and pipetted into molds described above with dialysis tubing (10,000 MWCO) stretched across the bottom and elevated 2 mm from the bottom of a basin.
The alginate was cross-linked for 24 hours with an excess of 0.1 M barium chloride (BaCl 2 ) that was added to the basin without covering the top of the mold. A calcium chloride solution could also be used to cross-link the alginate, but previous studies have shown that similar characteristics and stability result from both cross-linking agents 47 so only BaCl 2 was used for these studies. Samples were then transferred to a 0.1 M BaCl 2 bath until testing. 15 -SWNT preparation (GT) 15 -SWNT suspension was mixed with a solution of polyethylene glycol-diacrylate (700 g/mol, Sigma-Aldrich, 1.12 g mL −1 at 25 °C), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (7 mg mL −1 , Sigma-Aldrich) and water in a 1:0.05:0.95 volume ratio 48, 49 and pipetted into a mold (described above), with tape adhered to the bottom. The PEG was cross-linked by exposure to UV-B light (365 nm) for 15 minutes and transferred to a water bath until testing.
PEG-(GT)
Optical characterization of SWNT gels
Alginate-(GT) 15 -SWNT and PEG-(GT) 15 -SWNT solutions were prepared as described above. Aliquots (150 μl) of the alginate solution were cast into 2 kDa molecular weight cutoff slide-A-lyzer mini dialysis units and placed in a 0.1 M barium chloride bath for crosslinking. Similarly, 150 μl aliquots of PEG solution were cast into tuning 4.5 mm in diameter and 9 mm in height for cross-linking by UV-B light. The cross-linked PEG and alginate hydrogel plugs were placed in a 96-well plate containing 150 μl water and 150 μl 0.1 M barium chloride in each well, respectively, and allowed to equilibrate for 24 hours before testing.
Fluorescent emission of the SWNT hydrogels was measured in a custom-built near infrared fluorescence microscope (nIR array). In brief, a Zeiss AxioVision inverted microscope was coupled to a Princeton Instruments InGaAs 1-D array detector through a PI-Acton SP150 spectrograph. SWNT solutions were excited using a 785nm, 150 mW (80 mW on the sample plane) photodiode laser (B&W Tek Inc.) with resultant fluorescence collected by the microscope with X20 objective, and coupled optics.
Rheological characterization of SWNT gels
Alginate-(GT) 15 -SWNT and PEG-(GT) 15 -SWNT solutions were prepared as described above and 1.25 ml aliquots were cast for cross-linking in a 20 mm diameter ring mold, forming a hydrogel disk. Rheological characterization was performed on an AR2000 Rheometer (TA Instruments) with a 20 mm parallel steel plate geometry. An adhesive sand paper was used to ensure proper and constant contact of the top and bottom surfaces of the gel. Initial strain sweep was done at 1 Hz frequency, followed by a frequency sweep with 0.1% and 0.01% strain for the alginate and PEG gels respectively.
Tissue Imaging
In vivo imaging was performed on a whole-animal imaging platform described previously 31 using a liquid crystal tunable band-pass filter and a CCD camera (Maestro ™ CRi). Filter wavelengths utilized ranged from 650 to 1050 nm at a 40 nm band-pass. Spectral 2D image-wavelength stacks were background subtracted from any autofluorescence segregated into three components as described previously 31 . Specific images were collected with an emission window from 950 to 1050 nm at 10 nm increments and 20 second integration times at each step.
SWNT fluorescence quenching
SWNT nIR fluorescence spectra for PEG-(GT) 15 -SWNT and alginate-(GT) 15 -SWNT were measured in a 96-well plate on the nIR microscope as described previously 31 . The (GT) 15 -SWNT samples of 150 μL were prepared with concentrations of 2, 5, 10, and 25 mg L −1 and tested within a 96-well plate as well. Model quenching experiments were conducted by adding 1.5 μl of 10 mM riboflavin (Sigma) to each well, comparing to control samples to which 1.5 μl of water was added. The samples were incubated for 1 hour in room temperature on a shaker and then Imaged in the nIR array.
Photobleaching of SWNT gels
PEG-(GT) 15 -SWNT and alginate-(GT) 15 -SWNT were placed on moistened filter paper (BioRad mini Trans-Blot), exposed to a 651 nm 14 mW laser and imaged by the animal imaging system every 5 minutes for a 4 hour interval. Samples were continuously exposed to laser irradiation for the entire course of the photobleaching study.
Long term stability of SWNT gels
PEG-(GT) 15 -SWNT and alginate-(GT) 15 -SWNT were periodically analyzed over 60 days on the nIR array and whole animal imaging systems. Gels were imaged as described above and stored in their buffer solutions (water and BaCl 2 for PEG and alginate gels respectively) at 25°C between imaging.
Tissue depth detection with phantom tissue
Chicken breast was selected as a phantom tissue for use in these experiments. Chicken breast samples were kept frozen and were thawed at room temperature shortly before testing. Tissue sections with a uniform radius of 2 cm were prepared at thicknesses of 2, 4, 6, 8 or 10 mm. A 1 cm thick section of tissue with a gel sample located in the center was placed on the whole animal imaging platform, and an experimental tissue of specified thickness was placed on top of this stack for imaging. This process was repeated with three different gels and three different sample tissues for each thickness tested. For the nIR array imaging system, slices of various thicknesses of chicken breast tissue were placed on a microscope slide, and gel plugs were placed on top of the tissue sample. The exposure times for the PEG hydrogels were 9, 14, 16, 24, and 36 seconds for 0, 1, 2, 3, and 4 mm thick samples respectively, and 4, 6, 8, 12, and 20 seconds for the alginate gels, for the same thickness of chicken breast samples. The absorption of the chicken breast tissue was measured using a UV-Visible-nIR spectrophotometer (UV-3101 PC Shimadzu).
Results and discussion
Hydrogel Characterization
Alginate and PEG hydrogels encapsulating (GT) 15 -SWNT of various concentration were prepared and cross-linked in a barium chloride bath or by UV illumination, respectively ( Figure 1a) . The fluorescent signals of the (GT) 15 -SWNT, alginate-(GT) 15 -SWNT and PEG-(GT) 15 -SWNT induced by 2 second exposures are shown in Figure 1b . The spectra were deconvoluted to the different SWNT chiralities (see supporting information Figure S3 ) and the peak values of the fluorescence signal of the (6, 5) tubes are summarized in Figure 1c . The fluorescent signal of SWNT increases linearly with increasing concentration for low concentrations 50 , reaching a plateau above 10 mg L −1 (dotted lines in Figure 1c ), whereas the PEG-(GT) 15 -SWNT and alginate-(GT) 15 -SWNT hydrogels, at 25 mg L −1 show a decrease in fluorescence emission, therefore creating an optimal SWNT nanoparticle concentration at 10 mg L −1 for both hydrogels. At all concentrations tested, the alginate gels show 1-3 times greater fluorescence than PEG hydrogels. Moreover, the (6,5) peak fluorescence of the alginate and PEG gels is red shifted (by 2-6 nm) compared to the SWNT (Figure 1d ), indicating an increase in the dielectric constant of the surrounding medium 51 . The red shift also indicates a partial removal of the DNA wrapping, exposing the SWNT surface to additional water molecules [52] [53] [54] , and possible SWNT aggregation within the gel 55 , which contributes to decreased fluorescence emission at high concentration. This effect must be taken under consideration in any system of hydrogel encapsulation, since increasing nanoparticle concentration can lead to self-quenching for metallic nanotube containing mixtures 56 . This solvatochromic shift, resulting from the polarizability of the SWNT exciton, was shown to have the functional form [52] [53] [54] : (1) where E ii are the optical transition energies of pristine SWNT in air, ΔE ii is the difference in emission energies between pristine SWNT in air and SWNT in a dielectric environment, L is a fluctuation factor, k is a constant, ε is the static dielectric constant, ε ∞ is the dielectric constant of infinite (optical) frequencies, and R is the nanotube radius. The solvatochromic shifts of (GT) 15 -SWNT, alginate-(GT) 15 -SWNT, and PEG-(GT) 15 -SWNT are plotted in Figure 1e versus d −4 , where d is the tube diameter. Optical transition energies of the various chiralities in the sample were calculated based on spectra deconvolution, and the E 11 optical transition energies of SWNT in air were calculated according to 52 :
where h is planck's constant, c is the speed of light, A 1 = 61.1 nm, A 2 = 1113.6, θ is the chiral angel of an (n,m) nanotube, and A 3 =−0.077 eV·nm 2 for mod((n−m),3)=1, or A 3 =0.032 eV·nm 2 for mod((n−m),3)=2.
The corresponding slopes of the linear fits are 0.0641 eV 3 nm 4 , 0.0696 eV 3 nm 4 , and 0.0718 eV 3 nm 4 , for (GT) 15 -SWNT, alginate-(GT) 15 -SWNT, and PEG-(GT) 15 -SWNT, respectively, and they can be used to estimate the effective dielectric constant at the surface of the nanotubes by comparing them to a reference system: (3) where the subscript ref refers to a known reference. We used the results of SWNT suspended in n-methyl-2-pyrrolydone (NMP) 52 47 , and assumed that ε ∞ for the DNA-wrapped SWNT is equal to that of water (ε ∞,H 2 O =1.333). The effective dielectric constant obtained from equation (3) can be attributed to joint contributions from the water and the DNA wrapping, giving an estimation of the relative nanotube surface coverage by the DNA strands:
Using the dielectric constants for DNA ε DNA =4 44 , and water ε H 2 O =80.1 57 , we find that the relative surface coverages are 87.2%, 71.9% and 55.3% for (GT) 15 -SWNT in solution, alginate-(GT) 15 -SWNT, and PEG-(GT) 15 -SWNT, respectively, in agreement with the observed red-shift of the emission peaks of SWNT within the hydrogels relative to SWNT emission in solution (Figure 1d ). This finding supports the hypothesis of partial displacement of the DNA wrapping upon introduction into the hydrogel and explains the decreased fluorescence emission intensity within the PEG relative to the alginate hydrogels.
Rheological properties of the alginate and PEG gels were determined by oscillatory measurements with parallel plate geometry. The linear viscoelastic region (LVR) of the hydrogels without nanoparticles was assessed by a strain sweep with a constant 1 Hz frequency. The storage (G′) and loss (G″) moduli as a function of the strain percentage are presented in Figures 2a and 2b for alginate and PEG respectively. The viscoelastic responses of the gels alone and those containing 2, 5, 10, and 25 mg L −1 SWNT were evaluated by a frequency sweep in the LVR, at constant 0.1 % and 0.01 % strain for alginate and PEG respectively (Figures 2c and 2d) . The G′ values were approximately one order of magnitude larger than the G″ values in all cases. Moreover, the viscoelastic properties showed little variation with respect to nanoparticle concentration, with the exception of the PEG hydrogel with the highest SWNT concentration (25 mg L −1 ), which had much lower storage modulus compared to lower concentrations. This can possibly be attributed to the high UV absorption of the SWNT which might interfere with the UV-initiated cross-linking. Overall, the alginate hydrogels are less stiff than their PEG counterparts and can sustain higher strain deformations before undergoing mechanical failure. The rigidity of the PEG gels may be a limiting factor for in vivo applications since natural tissue movement requires a compliant gel. Reducing PEG concentration or shortening the duration of UV cross-linking may decrease rigidity, and improve the gel properties for in vivo applications.
The cross-linking density ρ x can be estimated from the storage modulus (G′) of the hydrogels using the rubber elasticity theory [58] [59] [60] : (5) where R is the gas constant and T is the temperature. Using the G′ value in the LVR regions (Figure 2a,b) we found the cross-linking density of alginate and PEG hydrogels to be 48 mol m −3 and 363 mol m −3 , suggesting an average distance of 3.2 nm and 1.7 nm between crosslinks, respectively. Although the theory of rubber elasticity was developed for chemically cross-linked hydrogels 60 , such as PEG, equation (5) can be applied to alginate, which is physically cross-linked, under certain conditions such as insignificant dependence of the storage modulus G′ on the frequency, and low loss ratio (G′/G″) 61 , conditions that apply in this case.
Encapsulated nanoparticles fluorescence quenching in various hydrogel geometries
In order to simulate and characterize an encapsulated nanoparticle sensor, fluorescent modulation of (GT) 15 -SWNT, PEG-(GT) 15 -SWNT and alginate-(GT) 15 -SWNT in response to addition of riboflavin was measured in the nIR array, with results shown in Figure 3a . Riboflavin, whose hydrodynamic radius is 0.58 nm 62 , was chosen as a model target analyte since it is a known fluorescence quencher of DNA-wrapped SWNT 29, 45 . When exposed to riboflavin at t = 0 min, the fluorescent signal of the SWNT in the alginate gels decreased significantly, where the nanoparticles in the PEG hydrogel showed little to no response. Following 1 hour incubation the signal of the SWNT solutions was quenched by 90%, 85%, 80% and 70% for the 2, 5, 10, and 25 mg L −1 concentrations, respectively, while the alginate hydrogels were quenched by 50%, 44%, 48% and 33%, respectively. The PEG hydrogels showed less than 5% change for all concentrations; indeed, incubation for up to 6 hours also showed no significant change (data not shown). Since the average distance between crosslinking points in the alginate gel was almost twice of that in the PEG (3.2 nm and 1.7 nm, respectively), we conclude that signal modulation within the PEG hydrogels is hindered due to internal diffusion limitations.
Properties of both alginate and PEG gels are affected by varying final concentration of the gel solution prior to cross-linking, so composition of the gel must be adapted to desired analyte properties and the detection time scale required. Modulation of the hydrogel pore size can be exploited for increased specificity by excluding molecules with lower diffusion rates, or higher hydrodynamic radius, than the analyte of interest.
We further investigated the effect of nanoparticles concentration by measuring quenching of the alginate hydrogels with 2, 5, 10 and 25 mg L −1 SWNT concentrations over a 6 hour period. Two characteristic quenching time scales were found using a bi-exponential fit (Figure 3b) , the short being 14.2, 14.5, 14.1, and 15.4 minutes, and the long being 6.18, 5.6, 5.8, and 5.7 hours for the 2, 5, 10, and 25 mg L −1 concentrations, respectively. Although initial intensities varied among the four concentrations, the quenching rates were similar for all, suggesting a common mechanism.
The characteristic short and long time scales in the case of the SWNT fluorescent quenching within the alginate hydrogel system are attributed to the riboflavin-SWNT reaction and the riboflavin diffusion, respectively. The riboflavin diffusion coefficient D R in solution (3.23 × 10 −10 m 2 s −1 ) 63 gives an approximation of an upper bound of the diffusion time of 8 hours for 3 mm gel thickness, in agreement with our experimental results. The shorter diffusion time in alginate, relative to PEG, enables rapid signal modulation by analytes of similar hydrodynamic radius, where the PEG gel encapsulation used in our work impedes signal quenching.
The possible impact of geometrical characteristics of alginate gels on diffusion rate was tested by varying either the total volume of the gel or its surface area while monitoring the fluorescent signal modulation of the alginate-(GT) 15 -SWNT system with a nanoparticle concentration of 10 mg L −1 in response to riboflavin. However, the overall dimensions of the hydrogels were kept compatible for in vivo testing within a small animal model 31 . The fluorescent signal of circle shaped alginate gels of volumes 200 μl and 600 μl was monitored for 6 hours (Figure 3c ). Both the small (200 μL) and large (600 μL) circular gels showed two characteristic quenching times in a bi-exponential fit, one on the order of 20 minutes (20.7 and 26.2 min, respectively), and a second on the order of several hours (6.5 and 10.8 hr, respectively). The comparable time scales demonstrate that minimizing the base surface area of the gel has a minor effect on increasing the quenching rate for a fixed gel height (3 mm), given that it is small relative to the gel diameter (7 mm and 15 mm, respectively). To determine the effect of surface area on quenching we studied star, rectangle, and circle shaped gels, all with identical volume. The long characteristic quenching times in a biexponential fit (Figure 3d ) were 15.6, 9.9, and 9.5 hours, respectively, showing a slight decrease for smaller lateral surface area. The short characteristic quenching times were comparable for all shapes, being 34.9, 19.3, and 26.8 minutes for the star, rectangle, and circle shaped gels, respectively. Results from these two studies indicate that changing the size and shape of the lateral dimension of the alginate hydrogel, at constant thickness has little effect on the quenching rate. Since the thickness of the gels was small relative to their diameter, diffusion was dominated by the transverse component along the z-axis (Figure 3c and d), therefore internal mass transport is primarily invariant to changes in the size of the gel. In addition, shape, and therefore surface area, of the gel was also found to have only a minor effect on quenching rates, implying that mass transfer at the gel surface is not dependent on the shape of the gel. Larger form factors, however, might suffer from diffusion limitations and would require proper calibration for detection in real time 64 .
Chemical stability of the hydrogels
We tested the photothermal and photochemical stability of the two hydrogel model systems by monitoring the fluorescent signal of the encapsulated nanoparticles over time. Since SWNT exhibit no photobleaching [18] [19] [20] , their fluorescence served as an indicator for degradation of the hydrogel matrix. We imaged the gels for 4 hours under continuous laser excitation of 14 mW at the focal plane, with image collection at 5 minutes intervals. The stability of the signal is clearly evident in Figure 4a for both the alginate and the PEG gels (SWNT at 10 mg L −1 ) when the samples remained hydrated during testing. However, if the samples were dried out, they irreversibly lost their shape and fluorescence, which did not recover upon rehydration.
To assess the long-term chemical stability of the nanoparticle encapsulated gels, the fluorescent signal of the SWNT encapsulated within both alginate and PEG hydrogels was monitored for 60 days. Peak fluorescence was measured at multiple time points in the nIR array with SWNT concentration of 2, 5, 10 and 25 mg L −1 , and was normalized by the fluorescent peak signal of a standard SWNT suspension measured each time in the same condition of the gels (Figure 4b ).
Since alginate hydrogels typically equilibrate within 24 hours 60 , the normalized fluorescence of the SWNT encapsulated within the alginate hydrogels was fitted by a biexponential function (Figure 4b ) revealing two characteristic time scales, corresponding to an equilibrium process (t 1 ) of the order of 1 day, and slow degradation (t 2 ) of the order of 2 years (Figure 4d , blue diamonds and blue squares, respectively), mainly attributed to diffusion of the divalent cations 65, 66 . On the other hand, the normalized fluorescence of the SWNT within the PEG hydrogel was fitted by a monoexponential decay function ( Figure  4c ), owing to a faster equilibrium of the order of 20 minutes 67 which was not captured in this experiment. The degradation time scale (t 2 ) of the PEG gel system was of the order of 10-100 days (Figure 4e , red circles), primarily caused by hydrolysis 35, 68, 69 .
Furthermore, according to the whole animal imaging system, which integrates the fluorescent signal over the range of 950-1050 nm, the alginate gels better retained their shape along with their fluorescence over the entire test period, whereas the PEG hydrogels lost both their fluorescence and their physical shape (Figure 4e , and supplementary Figure  S4 ).
The two measurement techniques for long term stability experiments manifested significantly longer chemical stability of alginate gels compared to the PEG hydrogels, rendering them more appropriate for long term in vivo sensing and detection. Further benefit from this knowledge is that this provides an opportunity for preparation of hydrogels in larger batches, decreasing production time and sample variability. Impaired stability of the PEG hydrogel relative to the alginate can be partly attributed to the significant UV absorption of the nanoparticles used in this study, which can interfere with the photoinduced cross-linking of the PEG hydrogel utilizing this part of the spectrum. Moreover, the chemical stability of the PEG hydrogel poses a limit on the desired range of cross-linking density, since higher density may improve stability, but would reduce diffusion rates of the target analytes through its pores, and hinder SWNT sensor functionality. Since hydrogels encapsulating lower nanoparticle concentrations were shown to exhibit longer shelf life, long term applications will benefit from use of lowest concentration allowing reliable signal detection.
Detection depth limit
In order to estimate the maximal detection depth within tissue, the nanoparticles fluorescent signal was recorded in tissue phantom samples, and the tissue extinction coefficients were estimated by fitting a simple optical fluorescence model and Beer-Lambert law 70 . Assuming one dimensional absorption and scattering, and a hydrogel of length l encapsulating low concentration of fluorescent nanoparticles, imaged through tissue of thickness d, the detected fluorescence intensity F is 50 : (6) where I 0 is the excitation laser intensity, μ ex and μ em are the tissue extinction coefficients for the excitation and emission wavelengths, respectively, ϕ is the quantum yield, n is the fluorescent nanoparticles number density in the hydrogel, σ is the nanoparticles absorption cross section, and A is a constant taking into account the detector solid angle and efficiency.
(GT) 15 -SWNT encapsulated within PEG and alginate hydrogels were imaged through chicken breast tissue of various thicknesses (Figure 5a ) with 785 nm laser excitation, which was chosen in order to benefit from the nIR tissue transparency window. The normalized fluorescent signal measured by the nIR array of the alginate-(GT) 15 -SWNT and the PEG-(GT) 15 -SWNT as a function of the tissue thickness is presented in Figure 5b for the various concentrations used. The fluorescent intensity was evaluated at the (6, 5) To determine maximal detection depth, we defined a detection limit to be three times the root mean square of the background noise signal of the nIR array imaging system, and maximal exposure time of 30 seconds. The calculation was based on the exponential fit function for the 2, 5, and 10 mg L −1 SWNT concentrations. The detection limits are summarized in Table 1 .
According to the 1D model presented in equation (6) , the exponential coefficient is equal to the sum of the extinction coefficients of the excitation and emission wavelengths, which were evaluated independently by measurement of the absorption spectrum of chicken breast tissue (supplementary Figure S1b) in the corresponding spectral range. The sum of the extinction coefficients corresponding to the excitation laser wavelength (785 nm) and the emitted fluorescence wavelength (996 nm) was 2.121 ± 0.022 mm −1 according to the spectrum, which is comparable to the coefficients found in the exponential fit.
Maximum detection limit was further analyzed by imaging with the whole animal imaging system at depths of 2, 4, 6 and 8 mm. This data (Figure 5c ) confirmed the nIR results, showing a clear signal for 10 mg L −1 gels at 2 and 4 mm depths, whereas the readings of 6 and 8 mm deep samples where comparable to the background noise of the instrument.
The data from two imaging instruments showed that (GT) 15 -SWNT encapsulated in PEG and alginate hydrogels can be imaged within tissue in the nIR array and in the whole animal imaging systems for more than 4 mm in depth, depending on the exposure time and the excitation intensity, where the signal is reduced to half of its maximal value after approximately 0.55 mm and 0.52 nm for PEG and alginate, respectively. Therefore subcutaneous or intraperitoneal implants of such constructs can be optically imaged by an external device in a noninvasive manner, enabling real time in vivo detection and sensing of analytes. For experimental animal research purposes such a platform could potentially reduce the number of animals required by external monitoring of biomarkers of interest. It should be noted, however, that different tissue types are likely to have depth limits for fluorescence detection that are different than those for skeletal muscle, which was the object of this study.
The maximal detection depth for our specific setup and instrumentation, which was found to be of the order of magnitude of 4 -5 mm, need not be a limiting factor for deeper tissue detection, even for large animals or humans, since possible optimization of the experimental parameters could extend the working range. By extending the exposure time, or increasing the excitation laser intensity above 14 mW or 80 mW, in the whole animal imaging system or in the nIR array, respectively, the enhanced emission signal could penetrate thicker tissue. In this case, the limitation would be the biosafety restrictions that are specific for laser wavelength and tissue pigmentation. Moreover, improving the signal collection efficiency would increase the signal to noise ratio, allowing for deeper tissue imaging. Alternately, the detection depth limit could be overcome with a minimally invasive procedure of surgically inserting an endoscopic optical fiber 71 to the implementation region to transfer the excitation and detection light channels. However, the 1D approximation in the model employed above limits the results to an overestimation of the detection depth.
In vivo detection
In order to evaluate properties of the gels in vivo, we implanted PEG and alginate gels encapsulating the fluorescent nanoparticles in mice (n=3) and recorded the fluorescent signal in the whole animal imaging system. As seen in Figure 5d , both PEG and alginate gels were visible 14 days post implantation confirming the feasibility of this hydrogel-sensor system for in vivo sensing and detection of analytes. Mice retained implants for 60 days and showed no adverse reactions to either hydrogel.
Conclusions
We have quantitatively explored variables related to hydrogel mechanical and optical properties to optimize the performance of implantable hydrogel-encapsulating sensors for biomedical applications and determined the extent to which these gels can be utilized in vivo. We have developed a consistent and reproducible method for hydrogel fabrication of various geometries, including both alginate and polyethylene glycol (PEG) as models of the hydrogel system and encapsulating d(GT) 15 ssDNA-wrapped single walled carbon nanotubes as model fluorophore sensors contained therein. We found that implanted hydrogel sensors in tissue phantoms reduce to half of initial intensity at 0.5 mm into thick tissue samples, allowing an optical detection limit of 5.4 mm and 5.1 mm depth in tissue for alginate and PEG gels, respectively, at a SWNT concentration of 10 mg L −1 , with 785 nm laser excitation of 80 mW, and 30 s exposure. These findings are supported with in vivo nIR fluorescent imaging of SWNT hydrogels implanted subcutaneously in mice. We find that the alginate system is preferable in terms of emission intensity, signal response, rheological properties, and shelf life, making it a promising platform for in vivo detection applications.
Our model, which was demonstrated with the (GT) 15 -DNA wrapped single walled carbon nanotubes, can be applied to other polymers that suspend SWNT and alter the sensor specificity as well as to any other fluorescent nanoparticles. Moreover, the thorough characterization performed in our experiments provide valuable background information for future engineering of such hydrogel-encapsulated nIR fluorescent sensors, assessing their performance and predicting detection depth limit.
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